1. Product inhibition by ethanol of the acetaldehyde-NADH reaction, catalysed by the alcohol dehydrogenases from yeast and horse liver, was studied at 25°C and pH6-9. 2. The results with yeast alcohol dehydrogenase are generally consistent with the preferredpathway mechanism proposed previously [Dickenson & Dickinson (1975) Biochem. J. 147, 303-31 1]. The observed hyperbolic inhibition by ethanol of the maximum rate of acetaldehyde reduction confirms the existence of the alternative pathway involving an enzymeethanol complex. 3. The maximum rate of acetaldehyde reduction with horse liver alcohol dehydrogenase is also subject to hyperbolic inhibition by ethanol. 4. The measured inhibition constants for ethanol provide some ofthe information required in the determination of the dissociation constant for ethanol from the active ternary complex. 5. Product inhibition by acetaldehyde ofthe ethanol-NAD+ reaction with yeast alcohol dehydrogenase was examined briefly. The results are consistent with the proposed mechanism. However, the nature of the inhibition of the maximum rate cannot be determined within the accessible range of experimental conditions. 6. Inhibition of yeast alcohol dehydrogenase by trifluoroethanol was studied at 25°C and pH6-10. The inhibition was competitive with respect to ethanol in the ethanol-NAD+ reaction. Estimates were made of the dissociation constant for trifluoroethanol from the enzyme-NAD+-trifluoroethanol complex in the range pH6-10.
1. Product inhibition by ethanol of the acetaldehyde-NADH reaction, catalysed by the alcohol dehydrogenases from yeast and horse liver, was studied at 25°C and pH6-9. 2. The results with yeast alcohol dehydrogenase are generally consistent with the preferredpathway mechanism proposed previously [Dickenson & Dickinson (1975) Biochem. J. 147, 1]. The observed hyperbolic inhibition by ethanol of the maximum rate of acetaldehyde reduction confirms the existence of the alternative pathway involving an enzymeethanol complex. 3. The maximum rate of acetaldehyde reduction with horse liver alcohol dehydrogenase is also subject to hyperbolic inhibition by ethanol. 4. The measured inhibition constants for ethanol provide some ofthe information required in the determination of the dissociation constant for ethanol from the active ternary complex. 5. Product inhibition by acetaldehyde ofthe ethanol-NAD+ reaction with yeast alcohol dehydrogenase was examined briefly. The results are consistent with the proposed mechanism. However, the nature of the inhibition of the maximum rate cannot be determined within the accessible range of experimental conditions. 6. Inhibition of yeast alcohol dehydrogenase by trifluoroethanol was studied at 25°C and pH6-10. The inhibition was competitive with respect to ethanol in the ethanol-NAD+ reaction. Estimates were made of the dissociation constant for trifluoroethanol from the enzyme-NAD+-trifluoroethanol complex in the range pH6-10.
Recent detailed kinetic studies with yeast alcohol dehydrogenase in the absence of products have indicated that the enzyme utilizes a preferredpathway mechanism (Dickinson & Monger, 1973 ; Dickenson & Dickinson, 1975a ). Since it should be possible, in principle, to demonstrate the occurrence a less-favoured pathway by product-inhibition studies, and, perhaps also be possible to estimate values for the dissociation constant of substrate from catalytic ternary complexes, we have tried this approach with the yeast enzyme. The measurement of dissociation constants for substrate from ternary complexes at different pH values raises the possibility of being able to identify the group(s) on the enzyme that binds the substrate or that affects the binding. The same end might also be gained by using substrate analogues as inhibitors and measuring the pHdependence of inhibitor constants. In this connection, we have studied the inhibition of the enzyme by trifluoroethanol. Shore et al. (1974) used this compound successfully in their investigations with the horse liver enzyme.
We have also used product inhibition by ethanol to study the acetaldehyde-NADH reaction catalysed by horse liver alcohol dehydrogenase. Although there is evidence for a preferred-order mechanism with this enzyme (Silverstein & Boyer, 1964; Dalziel & Dickinson, 1966) in the ethanol-acetaldehyde interconversions, the favoured pathway is so predominant that the alternative pathway escaped detection in detailed initial-rate studies in the pH range 6-9 (Dalziel, 1963b) . Hanes et al. (1972) did obtain some evidence for the preferred-pathway mechanism at pH 8.6 from initial-rate measurements and confirmed this by observing hyperbolic product inhibition by ethanol of the acetaldehyde-NADH reaction. It seemed worth while to extend these product-inhibition experiments over a wider pH range.
The product-inhibition studies of Wratten & Cleland (1963) , using rather limited concentrations of product inhibitor, did not provide evidence for alternative pathways of coenzyme and substrate addition with either yeast or horse liver alcohol dehydrogenase. Further, the work did not provide estimates of dissociation constants of substrates from ternary complexes. Attempts have been made more recently to obtain these dissociation constants for the horse liver enzyme from product-inhibitor constants on the assumption of a compulsory mechanism (Shore & Theorell, 1966a; Ainslie & Cleland, 1972) , but it has been pointed out that information in ad-dition to product-inhibitor constants is required to do this (Plapp, 1973) . Since it now appears that a preferred-pathway mechanism is a more accurate description of catalysis for both yeast and horse liver enzymes, it seemed important to determine how product-inhibition data can be used in this case to estimate dissociation constants for substrate from catalytic ternary complexes. A preliminary report of some of this work has appeared .
Experimental Materials
Glass-distilled water was used in the preparation of all solutions.
Enzymes. Yeast alcohol dehydrogenase was prepared and assayed as described by Dickinson (1970 Dickinson ( , 1972 Initial-rate measurements Assays were performed fluorimetrically for ethanol oxidation by NAD+ and spectrophotometrically for aldehyde reduction by NADH, as described previously (Dickinson & Monger, 1973 [S21 [SI] [S21 (1) ( 2) were obtained from the slopes and intercepts of double-reciprocal plots (at each fixed concentration of inhibitor) as described by Dalziel (1957) . In eqns.
(1) and (2) e is the concentration of enzyme active sites, for both enzymes two per molecule (Theorell & Bonnichsen, 1951; Dickinson, 1974) . Si and S2 are coenzyme and substrate respectively. The symbols SI, S2 and q1, app. are used for alcohol-NAD+ reactions and primed symbols S, S and &,app. for aldehyde-NADH reactions, as in previous kinetic studies (Dalziel & Dickinson, 1966; Dickinson & Monger, 1973; Dickenson & Dickinson, 1975a ,b, 1977 .
Under all the conditions used, primary and secondary double-reciprocal plots were linear within experimental error. Coefficients obtained in the absence of inhibitor agreed to within 10% with published values (Dalziel, 1963b; Dickenson & Dickinson, 1975a [ethanol] (Fig. 2b) At all pH values the coefficient q' is increased only slightly in the presence of the product inhibitor (Fig. 4) ; the inhibition appears to be linear within experimental error. Fig. 5 Of 0 12, app. is shown in Fig. 6 . The inhibition does not appear to be linear with respect to [ethanol] , nor can the initial slopes of the plots be determined precisely in the absence of additional data at low ethanol concentrations. Table 2 shows the results of experiments at 13.5°C and pH7.05 and 9.0, using 0, 0.54M-and 1.08M-ethanol. These results were required to assist in interpreting the stopped-flow kinetic experiments described in the following paper (Dickinson & Dickenson, 1978 ). It appears from Table 2 that under both sets of conditions, SO, app. approximates to its maximum value at 1.0M-ethanol, i.e. consistent with hyperbolic inhibition as at 25°C. Also, the inhibition affecting both 0. app. and ', app. is roughly linear, with inhibition constants given in Table 2 .
Product inhibition by butan-1-ol of the butyraldehyde-NADH reaction. Attempts were made to obtain inhibition constants for the inhibition by 0-364mM-butan-1-ol of the butyraldehyde-NADH reaction with yeast alcohol dehydrogenase at pH 7.05 Dickenson & Dickinson (1975a) , and assuming that the inhibition effect on q12 is negligible, as at pH7.05. The variation with pH of the corrected inhibition constants is shown in Fig. 9 .
The effect of 4.3-133mM-trifluoroethanol on the reciprocal maximum specific rate (0q) of the acetalde- 012/0$2 (Dalziel, 1963b) Fig. 12(a) . Except at pH9.0, where the highest ethanol concentration used was only 43.2 mM, the inhibition appears to be hyperbolic. Fig. 12(b) . These plots are linear within experimental error, and the measured inhibition constants are shown in Table 1 . Also given in Table 1 12(a). These constants could be determined much more precisely than those for the corresponding plots with the yeast enzyme (Fig. 3a) (at 25°C and pH6-9) has been shown to utilize the preferred-pathway mechanism shown in Scheme 1(a) (Silverstein & Boyer, 1964; Dickinson & Monger, 1973; Dickenson & Dickinson, 1975a) . In the oxidation of ethanol by NAD+, although the net reaction takes place principally through the upper pathway (via ES1 and ES'), a significant steady-state concentration of ES2 exists in the range pH 6-8. In the reduction of acetaldehyde by NADH, no significant steady-state concentration of the corresponding complex ES' (Scheme lb) is indicated at pH6-9, although the possible existence of ES' is suggested by isotope-exchange experiments (Silverstein & Boyer, 1964) . Acetaldehyde reduction in the absence of products therefore takes place by an effectively compulsory-order mechanism. The discussion will therefore be in terms of the mechanism in Scheme l(a). Product inhibition by ethanol of the acetaldehyde-NADH reaction. Steady-state treatment of Scheme 1(a) for the reaction of S (NADH) and S (acetaldehyde) in the presence of the product S2 (ethanol) yields an expression of the form of eqn. (2). The coefficients are given by: ¢02,app. = obtained from the general product-inhibition equations of Pettersson (1972) for Scheme l(b) if conditions are chosen so that the special case, Scheme l(a), is an accurate description of the mechanism.
The conditions are k '3> k14, 01 > l/k+1, 01 = I/k, with (for i app.) product inhibitor being kept at concentrations where apparently linear inhibition is observed. The general asymptote expression for 00q, app., even with these simplifications, is considerably more complex than that given above.
(5)
Expressions for qO, O', q' and j12 for the mechanism in the absence of products are given by Dickinson & Monger (1973 
The effect of ethanol on the reduction of acetaldehyde by NADH will be considered for each coefficient, in eqn. (2), in the light of eqns. (5-8) .
(a) ,app.. The hyperbolic inhibition of the reci-1978
PRODUCT INHIBITION OF ALCOHOL DEHYDROGENASES procal maximum rate q0, app. (Fig. 3) demonstrates the existence of an alternative, less effective, pathway of product dissociation as provided for in Scheme l(a). In the absence of added ethanol, product dissociation is via ES,, since k_3 >k4 and q0= 1/k1 (Dickenson & Dickinson, 1975a) . In the presence of ethanol Scheme l(a) predicts that the reaction will be diverted via ES2. With ethanol present at saturating concentrations and because the maximum rate in the absence of product (1/0) is not limited by k' (Dickenson & Dickinson, 1975a) , the reciprocal maximum rate O, app. (eqn. 5) will simplify to:
0O,app. The results obtained here in the range pH6-9 are thus entirely consistent with the mechanism proposed previously. The results of earlier initial-rate studies of ethanol oxidation in the absence of products could also be explained by the formation of a dead-end ES2 complex from ES1S2, i.e. Scheme l(a) with k+2=kL2=0 (Dickinson & Monger, 1973 ), but such a dead-end complex could not explain hyperbolic inhibition of the reciprocal maximum rate 0, app.. Another possible explanation of the hyperbolic inhibition of 0, app., however, would be the existence of a pathway involving an abortive complex enzyme-NADH-ethanol (ESS2), formed from ES2, and from which ethanol could dissociate. Although liver alcohol dehydrogenase will form an ESS2 complex, there is no evidence that such a complex can exist with the yeast enzyme. The evidence against abortive complex-formation by the yeast enzyme is: (1) the lack of substrate activation or inhibition by high concentrations (up to 1 M) of ethanol in the ethanol-NAD+ reaction (Dickinson & Monger, 1973) ; (2) the unchanged fluorescence yield of enzyme-NADH in the presence of 0.54M-and 1.08M-ethanol at 25°C and pH7.05 (F. M. Dickinson & C. J. Dickenson, unpublished work). One may note that the fluorescence of the enzyme-NADH-acetamide complex is strongly enhanced relative to that of enzyme-NADH (Dickinson, 1970) . The observations described under (1) and (2) above also indicate that the hyperbolic plots are not due to a trivial cause such as solvent effects causing a change in the enzyme structure. It is concluded that the hyperbolic inhibition of qS, app. with yeast alcohol dehydrogenase is caused by the diversion of product dissociation from the pathway via ES1 to that via ES2. ( 1 1) Values of DIB and CID at various pH values are given in Table 1 . To determine the dissociation constant (K3) for ethanol from the ternary complex ES1S2 it is necessary to know the value of kL4, k-L being given by I/O' (Dickenson & Dickinson, 1975a) .
If it could be shown that BID is given by i/Lk4, i.e.
k'k' and k-4<<k2, then K3could be calculated. It seems that k<k' (Dickenson & Dickinson, 1975a) , and the fact that the rate of dissociation of NAD+ from ESI (kL1) is much smaller, at all pH values, than that of ethanol from ES1S2(kL3) (Dickenson & Dickinson, 1975a) suggests that k4 may be much less than k-2. Clearly, additional evidence is required, and further discussion is given in the following paper, in which are reported additional experiments bearing on this question (Dickinson & Dickenson, 1978) . The inhibition by butan-l-ol of the maximum rate of reduction of butyraldehyde by NADH was examined in an attempt to obtain values of BID and CID for this system. These could then have been compared with the known value of K3 for butan-1-ol and possibly provide information on the relative values of k-4 and k2 with this substrate. For butan-1-ol the dissociation constant K3 is equal to the Michaelis constant 02/0o . Unfortunately, as explained in the Results section, it was not possible to obtain precise values for qo, app.. Wratten & Cleland (1963) Fig. 3(a), pH 7 .05]. There is no further informationto be obtained from an examination of the apparent linear inhibition constant for 0, app., since, for the mechanism of Scheme l(a), the initial variation of 00q, app. versus [ethanol] is given by:
To obtain K3 from this expression the same additional information is required as in the use of (10) Vol. 171
eqns. (9) (Fig. 4) is consistent with the existence of an ES2 complex in a preferredpathway mechanism and with the above expression for 0S, app. (eqn. 6). On this basis, therefore, the linear inhibition constants for app. (Ki1, Table 1 ) over the range pH6-8 are equal to the respective dissociation constants for the binary ES2 complex (K2). At pH 9.0 where the reaction in both directions is effectively compulsory-order in the absence of added products (Dickenson & Dickinson, 1975a ) only a lower limit for K2 is available, since K2 > Ki1. The observation of inhibition, however, indicates that the route through ES2 is used at this pH value. The above inequality is indicated by the equations of Pettersson (1972) when the mechanism is effectively compulsory-order and where inhibition is of the linear type.
An alternative method of calculating K2 involves the coefficients for the oxidation of ethanol in the absence of added products. Since k+1 is known (Dickenson & Dickinson, 1975a) , K2 may be calculated from qS12/[01-(1/k+1)], except at pHk8.9, where is not significantly greater than I/k+,. Expressions for 41 and 012 in terms of the rate constants in the mechanism are given by Dickinson & Monger (1973) . The values of K2 obtained by this method are 160, 100 and 180mm at pH5.95, 7.05 and 8.1 respectively. At pH4.9, the very large value for the maximum rate relationship suggests that K2= 012/S1=190mM. which may be compared with the expression for qS2
If, as seems to be the case, k-3>k-4 (Silverstein & Boyer, 1964; Dickenson & Dickinson, 1975a) Fig. 6 that no further information could be obtained in the absence of more data at low concentrations of ethanol.
Product inhibition by acetaldehyde of the ethanol-NAD+ reaction. It cannot be ascertained from Fig. 7 whether the product inhibition of the maximum rate is linear or hyperbolic. Accordingly we cannot say whether product dissociation via ES' (Scheme lb) may occur at high acetaldehyde concentrations. It was pointed out in the Results section that we were unable to determine the effect of acetaldehyde on 01 and thus whether there is evidence for the formation of ES'. There is evidence for the formation of ES' from isotope exchange at equilibrium (Silverstein & Boyer, 1964) , but it seems that this complex has no kinetic significance at pH values less than 9 (Dickenson & Dickinson, 1975a Wratten & Cleland (1963) claimed a significant inhibition affecting the intercepts of LineweaverBurk plots in a similar experiment to that of Fig. 7 . An inhibition constant for acetaldehyde of 670UM was derived from the secondary plot of intercepts versus [acetaldehyde] . However, the highest concentration of acetaldehyde used was only 250pM, and extrapolations to the intercept of plots of elvO versus 1 / [ethanol] were considerably greater and more inaccurate than in Fig. 7 . The highest concentration of ethanol used was only 100mM, which is one-tenth that used in the experiment of Fig. 7 . Furthermore, the equilibrium of the reaction is unfavourable for precise spectrophotometric initial-rate measurements of ethanol oxidation at pH7 (Backlin, 1958) , particularly in the presence of acetaldehyde and with relatively low concentrations of ethanol. It is concluded that the results of Wratten & Cleland (1963) are probably compatible with those reported here. The inhibition constant for the slopes of Fig. 7 (1 10pM) is in agreement with that obtained by Wratten & Cleland (1963) and is consistent with the preferred-pathway mechanism which predicts that the inhibition constant should be k_1qS=k4lq2. For yeast alcohol dehydrogenase at pH7.05 this latter expression is equal to qS2/q1' and has the value of 120pgM (Dickinson & Monger, 1973) .
Inhibition by trifluoroethanol. Pettersson (1974) has examined the general case of an inhibitor competing with a substrate (SI or S2) in the fully random mechanism of Scheme lb. For an inhibitor, 1, competing with S2 the additional reactions are:
anl KKg9=K7K8. For the preferred-pathway mechanism considered in this paper [Scheme l(a) The expressions for qo, q1, q2 and 0612 for this mechanism in the absence of inhibitor are given by Dickinson & Monger (1973) . Inhibition of the ethanol-NAD+ reaction by trifluoroethanol (I) is consistent with the mechanism indicated above. The lack of inhibition or activation Vol. 171 effects on the maximum rate 00 (Fig. 8) is as expected and it indicates that the alternative ES'I complex does not form, or else S' dissociates from ES'I at the same rate as from ES'. If the complex does not form then the situation appears to be very similar to that referred to above when the failure of the enzyme to form the enzyme-NADH-ethanol (ES S2) complex was discussed.
The absence of an inhibition term affecting 01 implies the following relationship between the rate constants in Scheme 1(a) and eqn. (14) Horse liver alcohol dehydrogenase Detailed initial-rate studies in the absence of added product in the pH range 6-9 indicated that, with the ethanol-acetaldehyde system, horse liver alcohol dehydrogenase follows a compulsory-order mechanism with coenzymes binding before the substrates, i.e. Scheme 1, upper pathway (Dalziel, 1963b 
It seems possible that k_4 k_6, in view of the earlier findings that dissociation rates of substrates are much higher than those of coenzymes (Dalziel, 1963b; Shore & Gutfreund, 1970) . If this is so, then at pH 7.05 and at infinite ethanol concentration qSb,app.= 1/k_4, and 0q= IlIk1 (Dalziel, 1963b) (Dickinson & Dickenson, 1978) .
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